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ABSTRACT 

Endogenous peroxidase activity has been demonstrated in sections of rat liver fixed briefly 
by glutaraldehyde perfusion and incubated in Graham and Karaovsky's medium for 
cytochemical demonstration of peroxidase activity (29). In 25-40% of sinusoidal cells, an elec- 
tron-opaque reaction product is localized in segments of the endoplasmic reticulum, includ- 
ing the perinuclear cisternae, a few Golgi vesicles and saccules and in some large membrane- 
bounded granules. This staining is abolished after prolonged fixation or boiling of tissue 
sections in glutaraldehyde, and in the absence of H2O2 or DAB from the incubation medium. 
Furthermore, the reaction is inhibited completely by sodium azide and high concentrations 
of H2O2, and partially by KCN and aminotriazole. Among the different cells in hepatic 
sinusoids, the nonphagocytic "fat-storing* * cells (39) are always peroxidase negative, whereas 
the lining cells in process of erythrophagocytosis are consistently peroxidase positive. The 
possible biological significance of endogenous peroxidase in KupfTer cells is discussed. In ad- 
dition, the uptake of exogenous horseradish peroxidase by KupfTer cells has been investi- 
gated. The exogenous tracer protein, which in contrast to endogenous peroxidase of KupfTer 
cells is not inhibited by prolonged aldehyde fixation, is taken up by micropinocytosis and re- 
mains confined to the lysosomal system of KupfTer cells. The significance of these observa- 
tions in respect to some recent studies suggesting localization of exogenous peroxidases in the 
endoplasmic reticulum of KupfTer cells and peritoneal macrophages (22, 23) is briefly dis- 
cussed. 



INTRODUCTION 

The hepatic reticuloendothelial cells (Kupffer 
cells) 1 constitute the largest group of fixed macro- 



1 The following abbreviations have been used in this 
paper: DAB, 3,3' diami no -benzidine tetrahydro- 
chloride; Tris, Tris-hydroxy-arnino-methane; ER, 
endoplasmic reticulum; HRP, horseradish peroxi- 
dase; RES, reticuloendothelial system. Because of 
the general agreement that all hepatic sinusoidal 
lining cells are capable of phagocytosis and are 
probably the functional variants of the same single 
cell types (6, 7, 24, 25), the terms sinusoidal lining 



phages in mammalian organism and are respon- 
sible for the phagocytosis of most circulating 
foreign particles including living microorganisms 
(1-5). In several recent studies the fine structure 
of Kupffer cells in normal animals and after 
reticulo-endothclial stimulation, as well as the 
morphologic changes accompanying phagocytosis 
of foreign particles by these cells, have been in- 

cells and Kupffer cells are used interchangeably in 
this report. 
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vestigated (6-10). Cytochemical studies on 
Kupffer cells have dealt mostly with the localiza- 
tion of acid phosphatase, in Kupffer cell lysosomes 
(11-15). Wachstein and Meisel in their light 
microscopic histochemical survey of peroxidase 
localization in mammaiain tissues noted a posi- 
tive peroxidase reaction in Kupffer cells of rats, 
mice, rabbits, and guinea pigs (16), and recently 
Novikoff et al. (17) mentioned briefly the locali- 
zation of peroxidase in the endoplasmic reticulum 
and lysosomes of rat Kupffer cells. In the course 
of recent studies on localization of exogenous and 
endogenous peroxidase activity in rat liver (18- 
21), we noted a consistently positive endogenous 
peroxidase reaction in some of the sinusoidal 
lining cells. These observations, which will be 
presented in detail in this paper, indicate that, in 
some sinusoidal lining cells of rat liver, endogenous 
peroxidase activity is localized in the cisternae 
of the endoplasmic reticulum (ER) including the 
nuclear envelope, a few Golgi saccules and vesicles, 
and in some larger granules. 

In view of recent reports (22, 23) on the uptake 
of exogenous peroxidases by Kupffer cells and 
peritoneal macrophages, and the suggestion that 
such exogenous tracer proteins may be localized 
in the endoplasmic reticulum and the nuclear 
envelope, the results of our experiments on the 
uptake of horseradish peroxidase by rat Kupffer 
cells will also be described. These findings indicate 
that the exogenous peroxidase is taken up by 
micropinocytosis and remains confined to the 
lysosomal system of Kupffer cells. 

MATERIALS AND METHODS 

Endogenous Peroxidase Activity in 
Kupffer Cells 

Normal male and female adult albino rats (Charles 
River Strain) weighing 200-250 g and fasted for 24 
hr were used. The liver was fixed by perfusion through 
the portal vein (21, 26) with 1.25% distilled glutaral- 
dehyde (27) in 0.15 m cacodylatc buffer, pH 7.3, 
followed by brief immersion for 20 min in the same 
fixative at room temperature. After several changes 
in the same buffer, 50-/* thick sections were cut on a 
Sorvall TC-2 tissue chopper (28) (Ivan Sorvall Inc., 
Norwalk, Conn.), collected in 0.1 m Tris-HCl buffer, 
pH 7.6, and incubated in an incubation medium con- 
taining 10 mg of 3,3'-diaminobenzidine tetrahy- 
drochloride (DAB) (Sigma Chemical Co., St. Louis, 



Mo.) in 10 ml of 0.1 m Tris-HCl buffer, pH 7.6, and 
0.02% H 2 0 2 (29). In other experiments the pH of the 
incubation medium was varied from 7.1 to 9.0. The 
incubation was carried out at room temperature for 
30-60 min, followed by postfixation for 60 min in 2% 
osmium tetroxide in distilled water (30), and dehydra- 
tion in graded ethanol solutions and embedding in 
Epon 812 (31). 1 fi thick sections were examined by 
light microscopy without counterstain. Thin sections 
for electron microscopy were cut on LKB ultratome 
III (LKB Instruments Inc., Rockville, Md.) and 
examined either unstained or lightly counterstained 
with lead citrate (32), in a Phillips EM200 electron 
microscope. 

Controls for Endogenous Peroxidase Activity 
in Kupffer Cells 

(a) Chopped sections were incubated in the ab- 
sence of DAB or H2O2 from the incubation medium. 
(A) Inhibitors : chopped sections were first treated for 
10 min at room temperature in 0.1 m Tris buffer, pH 
7.6, containing lO^-lO' 1 m KCN, lO^-lO- 3 m 
sodium azide, lO^-lO" -1 m 3-amino-l :2:4-triazole 
(Mann Research Biochemical Co., New York), and 
2% H2O2 and then were incubated for 60 min in the 
complete medium containing the same concentra- 
tions of these inhibitors, (c) Sections were boiled for 
5 min in 1.25% glutaraldehyde fixative and then 
incubated for 60 min in the full incubation medium. 
After the incubation, all control sections were post- 
osmicated and treated like regularly incubated sec- 
tions. 

Studies on the Uptake of HRP by 
Kupffer Cells 

Normal male adult rats of Wistar-Furth strain 
(Microbiological Associates, Bethesda, Md.) (33), 
weighing 200-250 g, and fasted for 24 hr, were in- 
jected with 10 mg of horseradish peroxidase (type II, 
Sigma Chemical Co.) per 100 g body weight. Animals 
were sacrificed at different time intervals, ranging 
from 1 min to 24 hr following the injection of tracer, 
and 0.5 mm thick slices of liver were fixed for 3-5 
hr at room temperature by immersion in a modified 
Karnovsky's fixative (34) containing 4% formalde- 
hyde prepared from paraformaldehyde and 1.25% 
glutaraldehyde in 0.1 m cacodylate buffer, pH 7.3. 
After an overnight wash in 0. 1 5 m cacodylate buffer, 
pH 7.3, 50- ji thick sections were chopped and incu- 
bated for 60 min in the same regular incubation 
medium for peroxidase (29), followed by postosmica- 
tion, dehydration, and embedding in Epon 812, as 
described above. 
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RESULTS 

Endogenous Peroxidase Activity in 
Kupffer Cells 

distribution of staining: Examination 
by light microscopy of 1 m Epon sections revealed 
diffuse gray staining in the cytoplasm of some of 
the cells lining the hepatic sinusoids. In addition, 
a few brown granules were observed in the cyto- 
plasm of some Kupffer cells. The nuclei did not 
stain. Approximately 25-40% of all sinusoidal 
lining cells reacted positively. The staining was 
present in both male and female rats. In addidon, 
staining was noted in red blood cells, in white 
cell and mast cell granules, and in microbodies of 
some hepatocytes on the surface of tissue blocks. 

By electron microscopy the positively reacted 
Kupffer cells exhibited an electron-opaque reac- 
tion product in the cisternae of the endoplasmic 
reticulum including the nuclear envelope (Figs. 
1— 10). All segments of the rough ER stained 
positively, but some smooth-surfaced tubular 
structures remained unstained (Fig. 2). In addi- 
tion, reaction product was noted in some outer 
cisternae, and in a few small vesicles (0.05 n in 
diameter) in the periphery of the Golgi complex 
(Figs. 3 and 4) . The intensity and the extent of the 
staining reaction in the Golgi region varied mark- 
edly from cell to cell and even from one Golgi 
complex to the other in the same cell (Fig. 3). In 
general, however, the staining along the concave 
(inner) face of the Golgi complex appeared 
stronger and was seen more consistently than along 
the convex (outer) face (Fig. 4). Furthermore, 
electron-opaque reaction product was noted in a 
few large (0.1-0.3 p in diameter), membrane- 
bounded granules (Figs. 1, 2, 7). The membrane 
around these granules appeared accentuated 
because of a region of low electron opacity im- 
mediately subadjacent to it (Fig. 2). Electron- 
opaque deposits were also observed within the 
lysosomes and phagosomes of many Kupffer cells 
(Fig. 2). However, because of inherent electron 
opacity of such lysosomal deposits, the exact 
relationship of their staining to the peroxidase reac- 
tion in the ER could not be clearly elucidated. 
Similar electron-opaque deposits have also been 
noted in some peribiliary dense bodies of hepato- 
cytes (19, 21). 

The presence of staining in the ER did not seem 
to correlate with the size or the degree of matura- 
tion of individual Kupffer cells. Thus, a positive 



peroxidase reaction was noted in small Kupffer 
cells with only a few cytoplasmic organelles (Figs. 
5 and 8), as well as in large, hypertrophic Kupffer 
cells containing many phagolysosomes, mito- 
chondria, and vermiform tubular invaginations 
(or the so-called "micropinocytosis vermiformis") 
(35, 36) (Figs. 1 and 6). The latter structures have 
been described in normal as well as in stimulated 
Kupffer cells (10, 35-37). 

Whereas the peroxidase reaction in the so-called 
"fat storing cells" (lipocytes) (38, 39) of hepatic 
sinusoids was always negative (Fig. 5), a positive 
reaction was noted in those Kupffer cells which 
appeared in the process of erythrophagocytosis 
(Figs. 8-10). This latter group, however, consisted 
of only 5% or less of all sinusoidal lining cells in 
our animals, whereas the peroxidase reaction was 
noted in 25-40% of all sinusoidal cells. Figs. 8-10 
illustrate three such Kupffer cells at different 
stages of erythrophagocytosis, all of which show a 
positive peroxidase reaction in the ER and the 
nuclear envelope. The prominent staining of red 
blood cells with DAB is due to the peroxidatic 
activity of hemoglobin (40). 

technical considerations .' Concerning 
fixation, best staining results were obtained with 
the material fixed by perfusion with distilled 
glutaraldehyde followed by brief immersion for 
20 min in the same fixative. Fixation for longer 
periods and use of impure commercial prepara- 
tions of glutaraldehyde resulted in weak and in- 
consistent staining. Fixation by immersion for 3-5 
hr in glutaraldehyde-formaldehyde mixture (34), 
as used in studies with exogenous horseradish 
peroxidase, inhibited the staining of endogenous 
peroxidase in Kupffer cells. The endogenous 
peroxidases in rat uterus (41) and colon (42) have 
also been noted to be highly sensitive to prolonged 
aldehyde fixation. 

As far as the variables in the staining reaction 
were concerned, by raising thepH of the incubation 
medium from 7. 1 to 9 the intensity of the staining 
in Kupffer cells did not change appreciably. At 
lower pH values (7.1), however, the background 
staining of the tissue with DAB appeared quite 
strong. Best staining results were obtained by 
incubation for 60 min at 22 °C, and at pH 7.6. 

CONTROLS FOR CHARACTERIZATION OF 
THE ENDOGENOUS PEROXIDASE IN KUPF- 
FER cells: The results of control experiments 
are recorded in Table I. The lack of staining in 
the absence of DAB or H 2 Ot from the incubation 
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All figures, except Fig. 8, are from sections counte retained with lead citrate (32). Length of scale line for 
all figures is 1 fi. 

Figure 1 This figure illustrates the general distribution of the peroxidase staining in a large Kupffer cell. 
The reaction product is localized in the perinuclear cisternae and other segments of the endoplasmic re- 
ticulum, and in a few membrane-bounded granules (arrows). There are several vermiform tubular invagi- 
nations (micropinocytosis verraiformis, [85, 86]) (AfK) facing the sinusoidal lumen. Points of continuity 
between the ER and the nuclear envelope are demonstrated at the asterisks. Another sinusoidal cell at the 
lower left has remained negative and does not contain reaction product in the perinuclear cisternae and 
ER. G, Golgi complex. X 9600, 



Figure 2 This high-power electron micrograph of a portion of a Kupffer cell illustrates the localization 
of peroxidase in the cisternae of the granular endoplasmic reticulum. In addition, there are two granules 
(arrows) with a distinct limiting membrane which also show a positive reaction. A larger phagolysosome 
(L) contains electron-opaque deposits, but due to inherent electron opacity of such deposits the exact re- 
lationship of this reaction to the peroxidase staining in the EB could not be elucidated. The segments of the 
ER in the hepatocyte (//) do not show any evidence of staining. X 30,000. 
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Table I 
Controls for Kupffer Cell Peroxidase 



Staining in 
Kupffer ceils* 



1. Regular incubation 


4+ 


2. -DAB 


0 


3. -H2O2 


0 


4. KCN (10 -3 m) 


4+ 


5. KCN (1CT 1 m) 


1 + 


6. NaN 3 (10~ 6 m) 


4+ 


7. NaN 3 (lO -3 m) 


0 


8. Aminotriazole (10""* m) 


4+ 


9. Aminotriazole (\0~ l m) 


1 + 


10. 2% H 2 0 2 


0 


li. Boiling 


0 



* Intensity of reaction in Kupffer cells arbitrarily 
graded 0 to 4+. 



medium and the inhibition of the reaction by 
boiling of sections for 5 min strongly suggest 
that the reaction is enzymatic in nature and that 
the enzyme is most probably a peroxidase. The 
sensitivity of the reaction to azide and excess 
concentrations of HsOs is also in agreement with 
this notion (43). Furthermore, the persistence of 
staining in the presence of high concentrations of 
KCN, even though somewhat unusual for peroxi- 
dases (43), resembles the results obtained for 
peroxidase in guinea pig eosinophil granules (44), 
and in rat colon (42). The lack of complete in- 
hibition of staining by aminotriazole (AT), which 
is an inhibitor of hepatic catalase (45, 46), would 
suggest that the staining in Kupffer cells is prob- 
ably due to a peroxidase rather than catalase. This 
agent (AT), however, has also been reported to 
inhibit peroxidase activity in thyroid (47), but 
not in eosinophils (44) and colon (42). 

Uptake of Horseradish Peroxidase by 
Kupffer Cells 

Horseradish peroxidase was localized in hepatic 
sinusoids 60 sec after the intravenous injection, 



and it appeared to be taken up by Kupffer cells 
in micropinocytotic vesicles. At 10 min numerous 
phagosomes and multivesicular bodies containing 
reaction product were present in Kupffer cells 
(Fig. 11). The intensity of the peroxidase reac- 
tion in hepatic sinusoids decreased gradually 
after 6-24 hr following the injection, but staining 
in numerous phagolysosomes and multivesicular 
bodies of Kupffer cells persisted. It must be em- 
phasized that in all these experiments a positive 
peroxidase reaction was never observed in the 
endoplasmic reticulum or the perinuclear cis- 
ternae of the Kupffer cells. 

DISCUSSION 

The findings presented in this report indicate that 
25-40% of all sinusoidal lining cells in rat liver 
have cytochemically demonstrable peroxidase 
activity. Fine structurally, the reaction product is 
localized in the endoplasmic reticulum, including 
the perinuclear cisternae, a few Golgi cisternae and 
vesicles, and in some larger, membrane-bounded 
granules. These findings confirm the light micro- 
scopic histochemical observations of Wachstein 
and Meisel (16) and are also in agreement with 
the findings mentioned by Novikoff et al. on locali- 
zation of peroxidase in a variety of cell types 
including Kupffer cells (17). Furthermore, a 
somewhat similar fine structural pattern of locali- 
zation of peroxidase has been observed in matur- 
ing leukocytes (51-53), epithelial cells of rat 
uterus (41), colon (42), follicular cells of rat 
thyroid (47), and recently in peritoneal macro- 
phages of guinea pigs 2 (48). This latter finding is 
of great interest since both peritoneal macrophages 
and Kupffer cells represent different forms of tissue 
macrophages and are functionally closely related 
(49). 

2 R. S. Coltran and M. Litt. 1970. Ultrastructural 
localization of endogenous and exogenous peroxidase 
activity in guinea pig peritoneal macrophages. 
J. Immunol. 1970. In press. 



Figures 3-4 Figs. 3 and 4 illustrate the localization of peroxidase in the Golgi region. Staining in the 
Golgi cisternae on the convex (outer) surface was less frequent and less intense (Gj , Fig. 3; OS, Fig. 4), 
than along the concave (inner) surface (Oi , G2 , in Fig. 3; Fig. 4). The asterisk in Fig. 4 shows a point 
of continuity between a segment of ER and a Golgi cisterna. A few small vesicles in the periphery of the 
Golgi apparatus also show evidence of staining (OV, Fig. 4). Reaction product is also noted in larger, mem- 
brane-bounded granules (OR in both figures). In Fig. 3, one such granule (ORi) seems to arise from the 
periphery of the Golgi complex (Oj). Fig. 3, X 50,000; Fig. 4, X 39,000. 
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Possible Functional Significance of 
Peroxidase in Kupffer Cells 

The exact function of peroxidase activity in rat 
Kupffer cells remains obscure but the pattern of 
localization in the cisternae of the endoplasmic 
reticulum, parts of the Golgi apparatus, and in a 
few membrane-bounded granules is reminiscent 
of similar patterns seen in hematopoetic cells 
involved in synthesis of peroxidase. Thus, promye- 
locytes and myelocytes of eosinophils and neutro- 
phils from the bone marrow of several mammalian 
species have been shown to contain peroxidase in 
the cisternae of ER, including the nuclear envelope 
and the Golgi complex (50-52). These cy to- 
chemical observations corroborate essentially the 
original studies of Palade and co-workers, which 
established that secretory proteins are synthesized 
on ribosomes, transferred to the cisternae of ER 
and are concentrated and packaged within the 
elements of the Golgi apparatus (53, 54). The 
discharge of granule-associated peroxidase (44, 55) 
and other lysosomal enzymes into the phagocytic 
vacuoles has been likened to the process of secre- 
tion of zymogen granules in pancreas (56). 
Whether peroxidase in Kupffer cells is destined 
for secretion can not be answered at this time, 
since we have not seen any clear evidence of 
discharge of peroxidase into phagocytic vacuoles 
or into the extracellular space. However, this may 
be due to paucity of such granules in normal, 
unstimulated animals. Recent studies of Rouiller 
and co-workers (6, 7) indicate that after reticulo- 
endothelial system stimulation the number of 
granules and vacuoles in the cytoplasm of Kupffer 
cells increases markedly. Thus, cytochemical stud- 
ies following the reticulo-endothelial system (RES) 
stimulation may be helpful in demonstrating the 
fate of granule-associated peroxidase in Kupffer 



cells. Such an observation would support the 
hypothesis that Kupffer cell peroxidase has prob- 
ably a somewhat similar function as the neutrophil 
peroxidase. Recent studies of Klebanoff and others 
(57, 59) indicate that myeloperoxidase (and also 
salivary gland and lacto-peroxidase), in association 
with H:02 and a halide (or thiocyanate), exerts a 
strong bactericidal, virucidal, and fungicidal ac- 
tivity. The role of Kupffer cells in clearing living 
microorganisms from the blood is well known, and 
thus one may speculate that Kupffer cell peroxi- 
dase participates in a bactericidal mechanism like 
other peroxidases in neutrophils, milk, and saliva. 

Another possible explanation for the localiza- 
tion of peroxidase activity in the ER of Kupffer 
cells could be that peroxidase is not synthesized in 
ER for secretion but is rather associated with the 
ER, like other microsomal enzymes. Indeed, there 
is a heme protein, the cytochrome P-450, which 
has been most extensively studied in microsomal 
fractions derived from liver and which plays an 
important role in microsomal electron-transport 
functions (60, 61). It is conceivable that this en- 
zyme, like several other heme proteins, could oxi- 
dize DAB (62) and thus be responsible for the 
staining of ER in Kupffer cells. Such an explana- 
tion, however, is unlikely, since combined bio- 
chemical and fine structural studies of Ernster and 
Orrenius (63) and others (64) strongly suggest 
that a close association exists between the amount 
of cytochrome P-450 and the degree of differentia- 
tion and complexity of ER in hepatocytes rather 
than in Kupffer cells. In our material, however, no 
concomitant staining of the endoplasmic reticulum 
in liver cells has been observed (Fig. 2), thus indi- 
cating that the peroxidase staining of ER in 
Kupffer cells is probably not related to the micro- 
somal heme proteins of hepatocytes. Similar at- 
tempts by Brokelmann and Fawcett (41) to local- 



Figure 5 This figure illustrates positive peroxidase reaction in a small Kupffer cell and negative reaction 
in an adjacent "fat-storing cell" (FSC) (88, 39). All such fat-storing cells in hepatic sinusoids were consis- 
tently peroxidase negative. In the positively reacted cell, there is staining in the perinuclear cisternae ER, 
and in a few, large, membrane-bounded granules (OR). X 16,000. 

Figure 6 Portion of the cytoplasm of a large, hypertrophic Kupffer cell with many vermiform tubular 
invaginations (so-called "micropinocytosis vermiformis" [S5, 36]). There is positive peroxidase reaction 
in a few cisternae of the ER (ER), and in some large, membrane-bounded granules (GR). X 18,000. 

Figure 7 This figure illustrates at higher magnification peroxidase localization in perinuclear cisternae, 
granular ER, and in a membrane-bounded granule (GR). X 28,000. 
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Figure 8-10 Figs. 8-10 illustrate positive peroxidase reaction in Kupffer cells in process of erythrophago- 
cytosis. In Fig. 8, the red cell has just become attached to the cell surface of the Kupffer cell and is be- 
coming engulfed by the pseud opods of the latter, whereas in Fig. 9, the red cell is lodged in a large vacuole 
in the cytoplasm of the Kupffer cell. In Fig. 10, only several large vacuoles (VAC) with remnants of red 
cells are left. One such vacuole (enlarged in ike inset) contains very fine, electrpn-opague granules of ferri- 
tin. Note the positive peroxidase reaction in the ER of all three cells in Figs. 8-10. All Kupffer cells in the 
process of erythrophagocytosis (about 5% of all sinusoidal cells in our animals) gave a positive peroxidase 
reaction in the ER. The strong staining of red cells with DAB is due to peroxidase activity of hemoglobin 
(40). Fig. 8, X H,000; Fig. 9, X 39,000; Fig. 10, X 39,000; inset, X 78,000. 



ize cytochrome P-450 with the DAB reaction have 
not been successful. Since Kupffer cells can be 
isolated from liver (65, 66), further biochemical 
studies on microsomal fractions derived from such 
isolated Kupffer cells may clarify the relationship 
of Kupffer cell peroxidase to cytochrome P-450. 

Recently BrSkelmann and Fawcett described 
the fine structural localization of a peroxidase in 
the epithelium of rat uterus (41) and suggested 
that this peroxidase probably participates in bind- 
ing of estrogen-hormones (67). Even though the 
distribution of peroxidase in Kupffer cells re- 
sembles that of peroxidase in rat uterus, some basic 
differences exist between the two enzymes: Kupf- 
fer cell peroxidase is observed in both male and 
female rats and is not inhibited by high concen- 
trations (1CT 1 M) of KCN. The rat uterine peroxi- 
dase, in contrast, is dependent on estrogens and 
disappears from the epithelial cells of uterus after 
ovariectomy and is sensitive to KCN (41). 

The Relationship of Kupffer Cells to Other 
Sinusoidal Cells 

The question, "whether all sinusoidal cells of 
the liver are of a single type, which is found in 
various phases of physiological activity," is an old 
one, and most recent investigators tend to answer 
this question affirmatively (2, 6, 11, 24, 25). 
Marshall (68), on the other hand, on the basis of 
silver impregnation studies, divided the sinusoidal 
cells into two separate types: the metallophilic 
cells which comprise most of the phagocytic 
Kupffer cells, and nonmetallophilic endothelial 
lining cells. The results presented here indicate 
that only 25-40% of all sinusoidal lining cells in 
the liver of normal rats exhibit a positive peroxi- 
dase reaction. Furthermore, it is noted that all so- 
called "fat storing cells" (lipocytes) (38, 39) of 
hepatic sinusoids give a negative peroxidase re- 
action (Fig. 5), whereas all Kupffer cells in proc- 
ess of erythrophagocytosis are consistently peroxi- 
dase positive (Figs. 8-10). Even though the func- 
tion of "fat storing cells" is not yet known, it is 
generally agreed that they do not participate in 
phagocytosis of foreign particles (39). On the 
other hand, the positive peroxidase reaction in 
Kupffer cells active in erythrophagocytosis would 
suggest a possible participation of peroxidase in the 
process of breakdown of red blood cells. Indeed, 
it has been shown that lipid peroxidation of red 
cell membrane causes hemolysis (69) . Furthermore, 



the initial step of hemoglobin breakdown in the 
synthesis of bile pigments involves a poorly under- 
stood "oxidative step" at the a -bridge of the 
hemoglobin molecule (70). Since the Kupffer cells 
are the most important site of catabolism of 
hemoglobin (71) the role of Kupffer cell peroxi- 
dase in the catabolism of hemoglobin deserves 
further investigation. It should be emphasized, 
however, that the staining in the ER of Kupffer 
cells can not be due to peroxidatic activity of red 
cell hemoglobin following erythrophagocytosis 
because (a) ER staining for peroxidase can be in- 
hibited by prolonged fixation (3-5 hr) in glutar- 
aldehyde /formaldehyde fixative which does not 
affect the red cell staining, and (b) conversely, 
KCN (at 10~* m) inhibits the red cell peroxidase 
but does not affect the ER staining. Furthermore, 
the majority of cells exhibiting a positive peroxi- 
dase reaction in ER do not show any evidence of 
erythrophagocytosis. 

Uptake of Exogenous Peroxidase by 
Kupffer Cells 

The most important function of Kupffer cells 
seems to be related to the marked phagocytic 
capacity of these cells. Fine structural studies have 
demonstrated the uptake of colloidal mercuric 
sulfide, and Thorotrast (72), colloidal iron (73), 
polystyrene latex particles (74), hemoglobin (40), 
and bacteria (9, 10). Straus, who introduced 
horseradish peroxidase as a tracer in microscopy 
(75), indicated the uptake of this tracer by sinus- 
oidal lining cells of the liver (14, 15). In a recent 
electron microscope study on the uptake of peroxi- 
dase tracers by mouse liver, Graham et al. (22) 
confirmed the uptake of peroxidases by Kupffer 
cells, but in addition reported that "in occasional 
Kupffer cells, reaction product was seen in the 
cisternae of the rough ER and within the peri- 
nuclear space." Even though originally the bio- 
logical significance of this observation remained 
unexplained (22), in a subsequent publication 
Catanzaro, Graham, and Schwartz (23) reported 
the localization of exogenous horseradish peroxi- 
dase in the rough ER and the perinuclear space of 
guinea pig peritoneal macrophages, and inter- 
preted the previous observation in liver as indi- 
cating that "in mouse Kupfier cells the exogenous 
protein, lactoperoxidase, enters the perinuclear 
space and the rough surfaced ER as well as lyso- 
somes." 

The observations reported in this paper indicate 
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Figure 11 This figure illustrates the localization of exogenous horseradish peroxidase in a Kupffer cell of 
rat liver, 10 min after intravenous injection of the tracer. This material was fixed for 5 hr, at room tempera- 
ture, in a mixture of glutaraldehyde and formaldehyde, and thus endogenous peroxidase in the ER and the 
perinuclear cisternae of Kupffer cells is inhibited, but the exogenous horseradish peroxidase survives and 
is localized in sinusoids and in numerous micropinocytotic vesicles and multivesicular bodies (AfVB) in 
Kupffer cells. Two vesicles containing peroxidase appear in the vicinity of the nuclear envelope of the 
Kupffer cell (arrows), but there is no evidence of discharge of their contents into this space and no evidence 
of staining in the perinuclear cisternae. X 14,000. 



that endogenous peroxidase activity is demon- 
strable in the cisternae of ER and the nuclear 
envelope of 25-40% of rat Kupffer cells. This 
endogenous peroxidase, which was originally 
noted by Wachstein and Meisel (16) and which is 
similar to endogenous peroxidases of peritoneal 
macrophages (49), uterus (41), thyroid (47), and 
colon (42), is quite sensitive to fixation with alde- 
hydes, and is inhibited by fixation for 3-5 hr at 
room temperature in a glutaraldehyde /formalde- 
hyde mixture. In contrast, exogenous horseradish 
peroxidase is not inhibited by this same fixation 
procedure (29). Therefore, by fixing the livers of 
rats, injected with horseradish peroxidase, for 3-5 
hr at room temperature in the above-mentioned 
fixative, we can assume that all the staining which 
survives is attributable to exogenous horseradish 
peroxidase. In such preparations peroxidase is 
localized in micropinocytic vesicles, phagosomes, 
phagolysosomes, and multivesicular bodies (Fig. 
11), but is not seen in the endoplasmic reticulum 
or the perinuclear space. This finding is in com- 
plete agreement with all previous reports on the 
uptake of foreign substances by Kupffer cells 
(6-10, 72, 74) and on the uptake of peroxidase by 
a variety of other cell types (75). The study of 
Graham et al. (22) was performed in mice rather 
than in rats, as in this report, and it is possible 
that there may be species differences in localiza- 
tion of peroxidase and in the sensitivity of this 
enzyme to fixation procedures. It is conceivable, 
however, that the staining of both lysosomes and 
ER in Kupffer cells of peroxidase-injected mice, 
as reported by Graham et al. (22), could be due to 
simultaneous visualization of endogenous and 
exogenous peroxidase activity in these cells, the 
staining in ER reflecting the endogenous enzyme, 
and the localization in lysosomes reflecting the 
exogenous tracer. Further studies on localization 
of endogenous peroxidase in mouse Kupffer cells 
will clarify this controversy. 
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